The effect of the protein matrix on the standard potential of a buried redox center has been investigated by using a selection of mutants and chemical derivatives in Saccharomyces cerevisiae cytochrome c isoform 1. Assuming only local structural perturbation and no alteration of the iron-ligation chemistry, ⌬E m 0 can be regarded as a measure of the difference in polypeptide solvation of the heme charge, which reflects the dielectric properties of the protein. In double mutants Y67F/N52I Y67F/ N52V, where most of the hydrogen bond network in the heme crevice is eliminated, ⌬S redox compares to the wild type. This indicates that a fully consistent hydrogen bond network has a similar polarizability as an apolar matrix. We therefore argue that the variability in net dielectric susceptibility arises from conformational polarizability, a factor that is not a function of atomic properties and coordinates and is therefore hard to predict using conventional physical relationships.
There is still much to learn about the factors determining the E m 0 Ј of redox-active proteins. Determinants of E m 0 Ј such as local structural effects (1) as well as the electrostatic landscape of the polypeptide (2) (including the protein's own charges (3, 4) , dipolar matrix (5, 6) , and surrounding solvent molecules (7)) have already been identified. However, implementation of this knowledge into models does not reliably reproduce experimental observations.
The standard redox potential (E m 0 Ј) reflects the thermodynamics of the equilibrium between redox states. The energetics of rearrangement between redox states will therefore reflect the ability of a system to polarize in an electrostatic field. Assuming that the nature of the iron-ligand interaction remains unchanged, the values of ⌬E m 0 Ј of mutation can be regarded as a measure of change in the polarizability, or dielectric response, to the charge of the redox center.
With virtually no large redox-dependent conformational change or ligand rearrangement (8 -12) , cytochrome c is a suitable model to investigate the contribution of individual residues to the dielectric properties of the protein. Using three positively charged carboxyamidomethyl-methionine sulfonium ion (CAMMS) 1 derivatives 2 ( Fig. 1A ) generated from a mutational methionine scan (13) , a series of buried mutations at position 52 (Fig. 1B) (14) and the point mutations Y67F, Y67F/ N52I, and Y67F/N52V (15) , an attempt to rationalize ⌬E m 0 Ј mut in terms of polarizability of the protein matrix is made.
EXPERIMENTAL PROCEDURES
Determination of Redox Potential-The measurement of redox potential was made using the method of mixtures (16) in 50 mM potassium phosphate (pH 7.0). The redox state of the sample protein was assayed in a range of redox buffers set by the ratio of ferro/ferricyanide in solution using an E m 0 Ј for the couple of ϩ0.43 V. Thermodynamics of Oxidoreduction-Temperature dependence of the equilibrium between the reduced and oxidized form of the cytochrome c was measured in 50 mM potassium phosphate (pH 7.0) with the redox potential of the buffer set at 268 mV using a ferro/ferricyanide ratio of 500. The sample was first prepared, then degassed for 15 min, then flushed with argon and kept in an airtight quartz cuvette.
The temperature sweep occurred between 16 and 30°C with a 2°C increment using a thermostated cuvette holder (Hewlett-Packard, Mississauga, Canada), and the 550-nm absorption band was monitored. Fully oxidized and reduced proteins, respectively, were generated by the addition of ferricyanide up to a ferro/ferricyanide ratio of 3 and then a small amount of ascorbate.
Control runs evaluating the temperature dependence of E m of the buffer indicated that it was not necessary to apply a correction for the buffer effect over the experimental range of temperature.
Secondary Structure Analysis by Circular Dichroism-Sample cytochromes c were prepared in 10 mM phosphate (pH 7.0) in a 1-mm quartz cuvette, and the spectra were recorded from 260 to 180 nm at 10 nm⅐s ). Molecular Modeling-Molecular mechanics were performed using the package DISCOVER (MSI, San Diego, CA) using the coordinates of Saccharomyces cerevisiae ferrocytochrome c isoform 1 (17) . A typical conformational search was run over 100 ps using explicit solvent molecules. Fig. 1 was rendered using SWISS-MODELER/POV-ray.
The net dipolar moment was calculated by analyzing the average atomic position of the solvent molecules in a trajectory file. A root mean square deviation matrix was generated to identify domains of local stability to allow a sampling typically of 30 -40 ps. The dipole moment of a relaxed water molecule used is 1. 
where ⌿ Hx refers to the averaged coordinate, on a given axis, of one of the two hydrogen atoms and ⌿ 0Ј refers to the averaged position of the oxygen atom.
RESULTS AND DISCUSSION
The behavior of E m 0 Ј upon altering the electrostatic landscape of cytochrome c, as in most electron transport proteins, is hardly predictable. In the classical model, an electrostatic field * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
‡ To whom correspondence should be addressed: Biochemistry, Dalhousie University, Halifax, Nova Scotia, Canada B3H 4H7. is attenuated by the medium by a factor known as the dielectric constant. However, at the molecular level the medium cannot be treated as a continuum of matter, and the uniform nature of this effect seems to be lost. For this reason, it is preferable to refer to an effective dielectric constant rather than a dielectric constant (18) .
For appropriate biological function, the mitochondrial cytochromes c seem to have evolved toward higher values of E m 0 Ј (19), i.e. the protein matrix has been optimized to favor the reduced state of the iron (3). This is achieved by solvating the buried dipoles that would otherwise polarize to stabilize an extra positive charge of the ferric iron. This is the case in the heme crevice, where every dipole is part of a hydrogen bond network (20) . The polarity of this network intrinsically acts as a suitable dielectric environment to complement a buried yet charged heme without compromising the protein stability. However, this network as a whole has a sufficiently low dielectric character to differentially disfavor the oxidized iron. Indeed, it may be that because the structure has evolved in this direction that most mutations affecting the network lower the standard redox potential of the protein, indicating that the change favors the oxidized form of the cytochrome c (21) .
Point Charge Probing-A series of six positively charged CAMMS derivatives was generated previously. 3 The magnitude of ⌬E m 0 Ј measured in most chemical derivatives is not large enough to allow the reliable calculation of effective dielectric constants. Only four modifications incurring a Ϯ1 formal charge change were kept for thermodynamic analysis: the mutation K55M and the CAMMS derivatives of mutants V28M, K55M, and I75M (Fig. 1A) .
The direct use of ⌬⌬G redox of derivatization to evaluate ⑀ yielded a range of values from Ϫ90 to 130. Considering the theoretical minimum ⑀ value of 1 and the practical maximum value of 80, it is clear that ⌬E m 0 Ј is not exclusively attributable to a change in the dielectric properties of the protein matrix (as inferred from Coulomb's law). The presence of a "negative dielectric effect" for K55M and CAMMS55 indicates that the change in E m 0 Ј is greater than would be expected from electrostatic interaction exclusively. On the other hand, the effect of the derivatization CAMMS28 is much smaller than would have been expected from dielectric relaxation (⑀ ϭ 130 Ϯ 20, Table I ). This value is in fact higher than the value of ⑀ for the bulk solvent itself. The effect on standard redox potential thus extends beyond dipolar relaxation into a factor(s) yet to be accounted for.
If, however, one uses ⌬⌬H redox to calculate an effective dielectric constant, the data yields a more consistent ⑀ value (Table I) , with an average of 19 Ϯ 6. This compares with calculated values of 25 Ϯ 10 for the whole cytochrome c derived from molecular mechanics using the Frohlich-Kirkwood theory of microscopic dielectrics (6) . Derivative CAMMS55 seems to be an exception, but the standard deviation in the measurements of ⌬E m 0 Ј is such that it is impossible to formally calculate ⑀ ⌬⌬H . Physical Meaning of ⑀ ⌬⌬H -A consistent ⑀ ⌬⌬H value suggests that the dielectric constant as defined by Coulomb's law applies to microscopic systems with a value of ϳ20 for the heme and its immediate environment in cytochrome c. Or, at least, this value would apply to this system extrapolated to 0 K. This implies that, from a purely enthalpic point of view, the polypeptide relaxation with respect to the heme is consistent and independent of the position of a test charge. The dielectric susceptibility in this case could thus be referred to as dielectric constant, which is one of two possible components forming the apparent dielectric constant. Most importantly, this indicates that the great variability in apparent dielectric constants is caused by the entropy of the redox equilibrium.
Mutation of Asn 52 -The CD spectra of the mutants N52A, N52S, N52T, N53V, N52H, N52Q, N52I, N52C, N52D, and N52M were checked between 180 and 260 nm for deviation 
a Distance from the iron atom to the site of the modification as measured in the respective molecular models. from the wild-type spectrum. The signal of the amide band would be expected to be sensitive to any change in the short stretch of ␣-helix including position 52. Only the mutants N52D and N52C showed unusual features in this domain and were discarded from the data set. Further molecular modeling of each mutant protein for which no known structure has yet been solved was performed to probe the geometry and environment of the substituted residues. All of the modeled side chain substitutions were accommodated in the heme crevice with no backbone rearrangement. As in mutant N52I (PDB entry 1CRG (10)), the hydrophilic cavity beside the heme in mutation N52M, N52Q, and N52H did not offer sufficient space to keep the structural water molecule bound in the wild-type Asn 52 . In mutants with side chains smaller than that of asparagine, the ambiguity between one or two buried water molecules was addressed by measuring the stability of the buried water molecule over simulation time by calculating the dipolar moment of the molecule. As a control experiment, a simulation was run on the wild-type ferricytochrome c with the Met 80 ligand replaced by Lys 73 . A large range of buried water molecules was present because a buried pocket was created in this simulation, which included two poorly stabilized solvent molecules (Fig. 2,  solid data points) . The calculated net dipolar moment of a (stable) structural molecule is constant for a structure averaged for Ͼ10 ps, whereas the bulk solvent molecules decayed to no net dipolar moment as demonstrated in Fig. 2 . The elimination of the amide at 52 decreased the number of dipoles competing for oxygen lone-pairs of Wat 166 , hence the increase in the net dipolar moment baseline for the mutants.
We used as control protein N52A, for which we know that the structure has a crevice large enough to accommodate two water molecules (10) . In this structure, both of these molecules have a high net dipolar moment over the simulation time (Table II) . Of the mutants N52S, N52T, and N52V, only N52S allows two water molecules to stably reside in the pocket, whereas the extra methyl in N52T forbids the presence of a second molecule (both averaged molecules attempt to share the same stabilizing groups). It is arguable that the hydrophilic nature of the crevice in mutant N52V would be insufficient to accommodate even a single water molecule. This is supported by a poor net dipolar moment for the model of this mutant.
Calculation of ⑀Ј as performed with the CAMMS series could not be applied to mutants at position 52 because of the lack of change in formal charge. Instead, the thermodynamic breakdown of E m 0 Ј was performed by the independent determination of ⌬⌬H redox and ⌬⌬G 0 Ј redox , which permitted the calculation of T⌬⌬S redox .
⌬E m 0 Ј values in the series of mutants involving Asn 52 range from Ϫ5 mV in N52M to Ϫ47 mV in N52I. Mutations at this position have been reported to stabilize the fold of both oxidation states (21, 22) , with an enhanced preference for the oxidized protein (23) . Contraintuitively, the elimination of the dipole of the Asn 52 side chain and its replacement by another residue induced a decrease in enthalpy of reduction. This indicates that Asn 52 enthalpically favors the oxidized state over any other single mutation at this position. Thus, a mutation at position 52 would be expected to provoke an increase in E m 0 Ј. However, most are found below the isocurve ⌬E m 0 Ј ϭ 0 (Fig. 3) , indicating that these mutations lead to a net decrease of E m 0 Ј. The favorable enthalpy of reduction is, in these cases, opposed by a larger unfavorable entropic cost.
In mutations not involving Asn 52 (I75M, V28M, Y67F, and K55M), ⌬⌬S redox correlates with ⌬E m 0 Ј. As shown in Fig. 4A , the series of mutations at position 52 have an absolute ⌬⌬S redox independent of the net effect of a mutation on E m 0 Ј and the nature of the substitution. In these mutants, ⌬⌬S redox averages to Ϫ74 Ϯ 3 J⅐Mol
Ϫ1
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Ϫ1 except for N52S, N52T, and N52H. The first two mutations are the only substitutions in which position 52 conserved the ability to donate a hydrogen bond to the structural water Wat 166 , which may explain the lesser entropic penalty. This suggests that this bond is responsible for the attributed switchlike properties of the water molecule upon oxidoreduction (10) . It is unclear as to why N52H does not group with the other mutants.
Polarizability of a Hydrogen Bond Network-The hydroxyl group at position 67 is thought to contribute to the electronwithdrawing power of Met 80 (24) , to the binding of Wat 166 (17) , and to stabilizing the lysine ligands in the state IV alkaline isomer (15 (Fig. 4B) . The enthalpy of reduction upon losing the hydroxyl group also favors the reduced state. This is possible either by affecting the electron-withdrawing power of Met 80 or more generally by deleting one dipole that is able to react favorably to the fluctuations in the electrostatic charge on the heme. Again, the enthalpic effect is counteracted by a larger entropic effect, resulting in a net decrease of E m 0 Ј. The effects of the double mutations Y67F/N52I and Y67F/ N52V differ radically from those of the corresponding single mutations. The enthalpy of deleting the polarity at both positions 52 and 67 actually favors the oxidized state. This may be caused by a more direct effect of the negatively charged heme propionate on the cationic iron ion because of the lack of screening by the protein matrix. Alternatively, because these double mutants fail to undergo an alkaline transition 3 (10) , it is conceivable that the second heme propionate (Hpr 6 ) is ionized in these proteins, which would clearly favor a positive charge on the heme and hence a lower E m 0 Ј. The entropies of reduction of both double mutants indicate that the temperature-dependent component of the free energy of a fully hydrophobic heme crevice is similar to that of a wild-type fully hydrophilic cavity (Fig. 2B) . This means that the polarizability of the heme crevice is similar whether the heme crevice is made of a fully consistent hydrogen bond network or has no polarity at all.
H-S Compensation Controversy-The question of whether TABLE III Thermodynamics of reduction of cytochromes c determined by the Van't-Hoff method
a Using the method of the mixtures. Standard error ϭ 3 mV (n ϭ 3). b Calculated using ⌬⌬G red ϭ ϪRT ⌬E m 0 Ј. c Measured using Van't-Hoff's temperature dependence of equilibria graphical method. Average error ϭ 1.2 kJ ⅐ Mol
the frequently observed enthalpy-entropy compensation is real or artifactual leaves much over which to argue. But as can be inferred from Sharp (25) , the reason why research groups overlook the "artifact explanation" is that it yields no physical rationale for discussion. Table III shows the thermodynamic values determined in this study. It is clear from these results that the enthalpy of reduction is of an opposing sign to the net change in free energy. If ⌬H redox was not compensated by ⌬S redox , the magnitude of ⌬E m 0 Ј would be in the order of hundreds of millivolts for the Asn 52 mutant series in the opposite direction to that which is observed. Some form of compensation must therefore occur.
Although we make no attempt to prove this point, it seems logical that preferential distribution into lower energy levels will affect the entropy of a system (26) . This would bind S and H to correlate in accordance with statistical thermodynamics. In the present cases the entropic penalty consistently overcomes the enthalpy regardless of the actual effect on ⌬H redox . This suggests that the dynamic nature of the protein matrix weighs more heavily in the balance than the actual energy levels. If the cytochrome c has evolved toward a higher level of intramolecular neutralization of its dipolar groups to restrain its polarizability, any candidate mutation will be likely to free one or more chemical groups and therefore favor the oxidized state, which is what we observe. The sign of ⌬⌬H redox or even the functional relevance of a mutation to the biological activity, therefore, may have nothing to do with the effect on E m 0 Ј. Conclusion-This study concludes that the apparent dielectric constant (⑀Ј) measured for microscopic systems such as cytochrome c is comprised of ⑀ ⌬⌬H and ⑀ ⌬⌬S . The enthalpic factor, ⑀ ⌬⌬H , showed a constant nature with a value of about 20, leaving ⑀ ⌬⌬S as responsible for the wide variability in ⑀Ј. The polarizability of the matrix as a whole, mainly responsible for ⑀ ⌬⌬S , refers to conformational polarizability and is therefore not a function of atomic properties or coordinates and cannot be calculated in a straightforward way. Although the network of hydrogen bonds within the protein matrix contributes enthalpically to the oxidized state, if any of its components is deleted, the loss of polarity is overcome by the concomitant conformational freedom of the polar groups left unpaired by the mutations. In dynamic systems such as proteins, the entropic penalty overcomes the enthalpy, which explains why known physical relationships perform poorly at predicting E m 0 Ј changes.
